Xenon multiphoton double ionization pathways are studied in a reaction microscope using a pump-probe arrangement of extreme ultraviolet high harmonic and infrared laser radiation. The momentum of photoelectrons is recorded in coincidence with singly or doubly charged ions. Among all possible routes to multiphoton double ionization, sequential processes using ionic excited states as intermediate steps are clearly identified. DOI: 10.1103/PhysRevA.75.033408 PACS number͑s͒: 32.80.Rm, 32.80.Fb, 32.80.Wr Photoionization is a fundamental quantum physics process and one of the basic tools giving access to structural and dynamical properties of atoms. Depending on the light frequency and intensity, it can result in the ejection of two valence shell electrons from a variety of mechanisms. ͑i͒ Following the absorption of a single high-energy photon: photo double ionization ͑DI͒ is governed by electron correlation. It is most intensively studied for that property ͓1,2͔. ͑ii͒ Through multiphoton absorption: DI can occur in a lowfrequency, intense ͑10 12 W/cm 2 ͒ laser beam. Multiphoton DI ͑MPDI͒ was discovered in the mid-1970s ͓3͔ and investigated by several groups ͓4͔. ͑iii͒ In an electric-field mediated three-step process at even higher light intensity ͑10 15 W/cm 2 ͒ ͓5͔. This "strong field" DI was the object of tremendous interest during the past decade ͓6͔ and the tag "nonsequential DI," as opposed to a sequence of two independent field ionization processes, is attached to it. Despite a long history, little is known about low-order N-photon DI. Experimental constraints restricted most studies to orders N ജ 8 for which a perturbation analysis is already intractable ͓4͔. Although laser advances have stimulated new theoretical ͓7,8͔ and experimental ͓9͔ studies of two-photon DI of helium, experiments have been limited so far to the investigation of total ionization yields. Nevertheless, a complete analysis of helium two-photon DI seems possible in the near future, as intense extreme ultraviolet ͑XUV͒ sources with high enough repetition rates become available. This will undoubtedly be a considerable breakthrough and will provide new insights into the underlying three-body problem. Meanwhile, the superposition of XUV and IR laser pulses which can be achieved with synchrotron sources ͓10͔, or high harmonic generation, approach this goal. Combining this technique with a reaction microscope ͓11͔ is the object of the present work.
Photoionization is a fundamental quantum physics process and one of the basic tools giving access to structural and dynamical properties of atoms. Depending on the light frequency and intensity, it can result in the ejection of two valence shell electrons from a variety of mechanisms. ͑i͒ Following the absorption of a single high-energy photon: photo double ionization ͑DI͒ is governed by electron correlation. It is most intensively studied for that property ͓1,2͔. ͑ii͒ Through multiphoton absorption: DI can occur in a lowfrequency, intense ͑10 12 W/cm 2 ͒ laser beam. Multiphoton DI ͑MPDI͒ was discovered in the mid-1970s ͓3͔ and investigated by several groups ͓4͔. ͑iii͒ In an electric-field mediated three-step process at even higher light intensity ͑10 15 W/cm 2 ͒ ͓5͔. This "strong field" DI was the object of tremendous interest during the past decade ͓6͔ and the tag "nonsequential DI," as opposed to a sequence of two independent field ionization processes, is attached to it. Despite a long history, little is known about low-order N-photon DI. Experimental constraints restricted most studies to orders N ജ 8 for which a perturbation analysis is already intractable ͓4͔. Although laser advances have stimulated new theoretical ͓7,8͔ and experimental ͓9͔ studies of two-photon DI of helium, experiments have been limited so far to the investigation of total ionization yields. Nevertheless, a complete analysis of helium two-photon DI seems possible in the near future, as intense extreme ultraviolet ͑XUV͒ sources with high enough repetition rates become available. This will undoubtedly be a considerable breakthrough and will provide new insights into the underlying three-body problem. Meanwhile, the superposition of XUV and IR laser pulses which can be achieved with synchrotron sources ͓10͔, or high harmonic generation, approach this goal. Combining this technique with a reaction microscope ͓11͔ is the object of the present work.
This paper describes the investigation of few-photon DI of xenon, chosen because of its relatively low ionization potentials, which are adapted to the current possibilities of high harmonic sources, although the large Xe mass limits the reaction microscope capabilities to the precise extraction of only one electron momentum. The intensity of the harmonic source allows us to study DI pathways which involve one XUV photon and one or several infrared photons. The pathways reaching the double continuum final state of xenon fall into two categories "nonsequential" and "sequential." The nonsequential direct DI mechanism ͓Fig. 1͑a͔͒ results in the simultaneous emission of two electrons with a continuous energy spectrum. The nonsequential indirect one is a stepwise process: a first electron is emitted and a second one is excited to a Rydberg state which autoionizes with some delay. The energy spectrum is discrete and one component ͑E 2 ͒ does not depend on the photon energies. On the "sequential" route ͓Fig. 1͑b͔͒ the relay state is an ionic excited state below the double ionization threshold. By selecting XUV photon energies lower than that threshold, the absorption of at least one infrared photon is required for double ionization.
The setup ͓11͔ and the reaction microscope ͓12͔ have been extensively described. Briefly, high harmonics are generated from the 4.5 mJ, 45 fs pulses of a Ti:sapphire laser system at 810 nm at a repetition rate of 1 kHz ͓13͔. A monochromator ͑toroidal mirror and flat-field grating͒ is used to select a single harmonic ͑bandwidth: Ϸ150 meV͒ which crosses a supersonic Xe atomic beam in the reaction micro-FIG. 1. ͑Color online͒ Pathways to multiphoton DI: ͑a͒ nonsequential "direct," or "indirect" through an A +* Rydberg state ͑thick dashed line͒. ͑b͒ Sequential: via an A +* state below the DI continuum threshold. Corresponding photoelectron spectra are schematized on the right. PHYSICAL REVIEW A 75, 033408 ͑2007͒ scope, 2 m downstream from the harmonic source ͓11͔. We concentrate here on results gained with the 17th and 21st harmonics at wavelengths 47.65 nm ͑ប = 26.02 eV͒ and 38.57 nm ͑ប = 32.14 eV͒ respectively, selected by a monochromator which stretches the harmonic pulses ͑initial pulse width: 10-20 fs͒ to 3.0± 0.5 ps. Photoions are extracted by a small homogeneous electric field ͑3.3 V / cm͒ pointing towards the ion detector and coinciding with the direction of polarization of the laser beams. At the end of a field-free drift space, the ions hit a position-sensitive microchannel-plate detector. The same electric field guides the electrons in the opposite direction to a second position-sensitive detector. A small fraction of the Ti:sapphire pump beam, reflected from a beam splitter, is steered into the microscope chamber through a rear window, reflected back on a mirror and eventually superposed on the harmonic beam at a small angle at the point of intersection with the supersonic Xe beam. In order to minimize the temporal mismatch between the XUV ͑3.0± 0.5 ps͒ and infrared ͑45 fs͒ pulses the latter are stretched to about 2.5 ps by passing them through 65 mm of SF-10 glass. The dispersion in the image plane of the monochromator puts a lower limit on the spot size of the harmonic beam in the interaction region ͑Ϸ0.5 mm in the dispersion plane͒. To achieve maximum MPDI, the infrared beam had to be adapted to this beam size. The maximum infrared intensity in the overlap region is therefore rather low, as confirmed by the absence of sizable sidebands in the photoelectron spectrum around the 21st harmonic line, a signature of the two-color photoionization:
with E kin = 20.01 eV± n1.53 eV. This puts an upper limit of 1.2ϫ 10 11 W/cm 2 to the effective infrared intensity. Photoelectron spectra are taken in coincidence with singly or doubly charged ions, respectively. The photoelectron momentum is recovered with a resolution of Ϸ0.02 a.u. In order to minimize false coincidences, the photoelectron count rate is kept well below the laser pulse repetition rate.
We first discuss the case of the 21st harmonic. The double ionization threshold ͑Xe 2+ ground state͒ is split into 3 P ͑J =0,1,2͒, 1 D ͑J =2͒, and 1 S ͑J =0͒ states with a lowest energy of 33.1 eV above the Xe ground state ͓14͔. Since the 21st harmonic has a photon energy of 32.14 eV, below that threshold, xenon must absorb at least one infrared photon ͑1.53 eV͒ in excess of one harmonic photon, to reach the lowest double ionization continuum. Angle-integrated photoelectron spectra recorded in coincidence with Xe + and Xe 2+ ions, respectively, are shown in Fig. 2 . The Xe 2+ signal vanishes under irradiation with the 21st harmonic or infrared alone. In Fig. 3 the dependence of the ion yield ratio ͓Xe 2+ ͔ / ͓Xe + ͔ on the delay = t IR − t H21 between the infrared and 21st harmonic pulses is shown. If the infrared precedes the harmonic pulse ͑ Ͻ −4 ps͒ no MPDI is found. When the pulses start to overlap the ratio rises linearly for −1 Ͻ Ͻ 1 ps and then stays constant from Ϸ 2 ps up to the maximum delay of 7 ps we used. This dependence obviously rules out any nonsequential MPDI ͑Fig. 1͒ for which the ratio should decrease back to zero when the infrared pulse arrives after the harmonic pulse. Thus under our experimental conditions, only sequential pathways are observed. This may change at a higher infrared light intensity, i.e., a higher infrared excitation rate. The observed sequential MPDI ͓Fig. 1͑b͔͒ passes through long-lived excited Xe + states ͑with a radiation lifetime in the nsec regime͒ necessarily located in energy below the harmonic photon energy. The outlined DI scenario is confirmed by well-defined structures in the photoelectron spectrum in coincidence with Xe + ions ͓Fig. 2 SI͔͒ in the energy range 2 -7 eV which are also discernible in the MPDI trace ͑DI͒. The first XUV excitation step liberates an electron with kinetic energy:
This step is followed by the absorption of a small number of infrared photons until eventually one of the double ionization thresholds 3 P 2,1,0 , 1 D 2 , 1 S 0 is reached:
͔. ͑3͒
With ប IR = 1.53 eV it follows that, depending on the final Xe 2+ state populated, up to n = 4 infrared photons are needed. The absence of detectable above-threshold ionization in the second ionization step confirms that the number of infrared photons involved in MPDI is indeed small ͑the minimum number necessary to reach the respective threshold͒.
Excited Xe + states which may become populated after absorption of the XUV harmonic photon are tentatively identified in the single ionization spectrum ͑Fig. 2͒ using spectral line data from ͓15-17͔. They turn out to be Xe + 5p 4 nl cor-FIG. 2. Photoelectron spectra from SI by the 21st harmonic alone ͑dashed curve͒ and DI when superposed with the fundamental radiation ͑full curve͒. Xe 5s 1 5p 6 correlation satellites are indicated by straight lines.
FIG. 3. The dependence of the ion yield ratio ͓Xe
2+ ͔ / ͓Xe + ͔ on the delay of the infrared with respect to the 21st harmonic pulse. relation satellites which are well known in synchrotron spectroscopy. Only the position of states with the largest line strength measured at excitation wavelengths close to the one used here ͓15͔ are given. These line strengths depend critically on the excitation wavelength ͓15͔. The significant XUV bandwidth does not allow a more precise identification of lines.
The above analysis can be tested by reducing the harmonic photon energy. Figure 4 shows typical spectra obtained with the 17th harmonic ͑ប = 26.02 eV͒. In this case the only remarkable structures in the single ionization spectrum correspond to the extraction of a 5s electron and to several close-by correlation satellites. However, the populated Xe + 5s 1 5p 6 2 S 1/2 state does not contribute significantly to MPDI, as a corresponding structure is missing in the double ionization spectrum. This agrees with a small infrared multiphoton ionization probability of this state which requires the absorption of at least seven photons to reach the double ionization threshold. Moreover, such an ionizing transition to the Xe 2+ ͑5s͒ 2 ͑5p͒ 4 S L J states involves the response of two electrons to the infrared light pulse, one electron filling the 5s hole while a second one is ejected.
For both harmonics, disentangling the MPDI photoelectron spectra in the energy range between 0 and ប IR is a difficult task since several intermediate Xe + states and several close-lying ionization thresholds of the Xe + ion are involved. A partial analysis is given for the MPDI spectrum with the 17th harmonic in Fig. 4 . One pronounced structure close to a kinetic energy of 0.2 eV appears in the single ionization spectrum ͑dashed line͒ as well as in the corresponding MPDI spectrum. It therefore may be assumed that the line in the MPDI spectrum predominantly also originates from the first Xe ionization step through the harmonic pulse. 2 ͑5p͒ 4 the possible kinetic energies of the photoelectrons from infrared multiphoton ionization can be determined. They are indicated by the lines beneath the spectrum in Fig. 4 . The corresponding ionization pathways are given in the figure caption. The ones probably contributing to the MPDI line near 0.6 eV are six-photon ionization with final Xe 2+ states ͑ii͒ 3 P 1 and ͑iii͒ 3 P 0 . The different physical nature of the two line structures in the MPDI spectrum in Fig. 4 near 0.2 eV ͓range ͑A͔͒ and 0.6 eV ͓range ͑B͔͒ becomes obvious in the angular distribution of the photoelectrons in Fig. 5 . Angular distributions for single ionization of Xe by the harmonic light pulse and for the MPDI electrons are shown. For single ionization ͑SI͒ the angular distributions in both energy regions have quite small asymmetry parameters ␤ = −0.22 ͑A͒ and ␤ = 0.04 ͑B͒. In the MPDI spectrum the angular distribution in region ͑B͒ is completely different. It becomes strongly peaked at an angle = 0 with respect to the common polarization direction of the infrared and harmonic light pulses. Moreover, a simple asymmetry ␤ parameter cannot be assigned to the angular distribution in region ͑B͒. Legendre polynomials with an order higher than 2 have to be introduced to fit this distribution. This underlines the multiphoton character of the transition giving rise to most of the photoelectrons in this line structure. The angular distribution of line ͑A͒ changes only little from single to double ionization. Within the error limits it can still be fitted with a Legendre polynomial of second order having a ␤ parameter of 0.16. The only small change in ␤ indicates that the MPDI electrons still mainly originate from the first Xe ionization step by the 17th harmonic with only a small contribution of electrons from the multiphoton ionization step of Xe + . In conclusion, a method to study low-order multiphoton DI pathways, photoelectron-photoion coincidence spectroscopy coupled to a satellites was found to play a negligible role. This, however, does not imply that nonsequential routes cannot be observed. One can speculate that higher-order harmonics or shorter pulses could enhance their probability. In addition, future experiments should give access to completely differential data with respect to the two photoelectrons and allow the isolation of weak nonsequential processes from the stronger sequential ones. The experimental method we used is general and flexible and it provides the possibility of choice of the relative polarization of the different colors. It can be extended either to the simpler and fundamental case of helium MPDI or to more complex systems like molecules and clusters with the possibility to exploit the full capabilities of a reaction microscope for low mass systems ͓12͔. Nondispersive filtering of single or coherently superimposed groups of harmonic pulses will allow to use their natural pulse width in the femto-to attosecond time regime. This alone can increase their intensity by a factor of up to 1000 which may already open the possibility to get highly differential access to, for example, two-photon XUV alone processes. Helium twophoton DI would, after the single-photon case, be the simplest reaction with access to a two-photon three-body problem in a complete experiment. Such experiments should stimulate theoretical efforts in a completely new wavelength regime which is becoming accessible in nonlinear atomic and molecular dynamics investigations. 
